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Under oxygen adsorption, a species with an OwO band at 1019 cm~1 and a paramagnetic superoxoÈcobaltcobaltÈO2
(CowOwO) species with OwO and CowO bands at 1048 and 467 cm~1 have been observed on calcined and reduced CoAPO-11
molecular sieve samples, respectively, by Raman spectroscopy. The stretching modes of superoxoÈcobalt have also been
conÐrmed by substitution.16O2/18O2
Among a large number of divalent metal-ion substituted alu-
minophosphates, cobalt substitution has been conÐrmed to
occur exclusively on the aluminium tetrahedral site by chemi-
cal composition analysis,1 UVÈVIS spectroscopy,2 and struc-
tural analysis of single-crystal3 and powder4 XRD. The
content of framework cobalt can be semiquantitatively moni-
tored by the variation of 31P spinÈlattice relaxation time
arising from the strong interaction between P nuclei and
neighboring paramagnetic Co,5 and by the intensity of the
photoacoustic spectrum arising from the (4P)4A2 (4F)] 4T1transition of high-spin Co2` in distorted tetrahedral sym-
metry.6 CoAPO-57 and -118 were found to be active in the
oxidation of cyclohexane or alkanes by oxygen. This sug-
gested that the creation of isolated redox centers in the micro-
porous environment appears likely, and the framework Co2`
was considered to be oxidized and reduced in cycles.8,9
CoAPO was observed to change from blue to green after cal-
cination and then to return to blue upon reduction. In paral-
lel, EPR spectra of reduced and synthetic CoAPO-5 showed a
broad paramagnetic signal of cobalt while no paramagnetic
signal could be obtained with oxidized CoAPO-5 at 77
K.3,10,11 Hence, many researchers assumed that framework
Co2` of CoAPO is capable of being oxidized to Co3` and
then is able to be reduced.7h10
Based on the temperature dependence of EPR signals of Co
in calcined CoAPO-5 not following the Curie law from 7 to 34
K, Kurshev et al.11 suggested that calcination brought about
distortion of the coordination sphere of Co2` by attachment
of (from tetrahedral to symmetry), and not varia-O2 Td D2dtion of the oxidation state of framework Co2`. Their interpre-
tation could also explain the acidity on bothBrÔnsted
oxidized and reduced CoAPO samples, indicated by acidity
measurements. Very recently, Barrett et al.9 observed that the
CowO bond length in CoAPO-18 was shortened from 0.193
to 0.183 nm after calcination but was only shortened 0.002
and 0.005 nm in CoAPO-5 and CoAPO-36 according to
EXAFS (extended X-ray absorption Ðne structure) spectros-
copy. They therefore suggested that Co2` in synthetic
CoAPO-18 could be essentially and completely oxidized to
Co3` while incomplete oxidation of Co2` could occur in
CoAPO-5 and CoAPO-36. In this paper, an extensive charac-
terization by Raman spectroscopy of CoAPO-11 molecular
sieve under redox treatment is performed and compared with
EPR measurements.
Experimental
The CoAPO-11 molecular sieve was synthesized under hydro-
thermal conditions with diisopropylamine as the template.
The alumina source (Versal 450, Kaiser) was slowly added to
an aqueous solution of orthophosphoric acid (85%, Merck)
under vigorous stirring. An aqueous solution of cobalt sulfate
heptahydrate ([99%, Janssen Chimica) was then added to the
above solution with continuous stirring. After the reaction
mixture was thoroughly homogenized, the organic template
diisopropylamine (Merck), was added. The mixture was
stirred for 30 min and then heated at 180 ¡C for 2 days in a
TeÑon-lined stainless-steel autoclave. The composition (molar
ratio) of the reaction gel was 1.0 P2O5 : 0.95 Al2O3 : 0.10CoO : 1.50 After reaction, the bluishPri2NH: 40 H2O.product was washed with de-ionized water several times and
dried at 80 ¡C.
The incorporation of cobalt ions into the aluminophos-
phate framework was monitored by 31P spinÈlattice relax-
ation. The 31P NMR measurements were performed using a
Bruker MSL-200 spectrometer at 295 K. For the inversionÈ
recovery experiments, the p-pulse duration was set using the
sample signal itself. Typically 16È800 transients were accumu-
lated using a recycle delay of 1È100 s.(D0)Removal of the organic template in the synthetic of
CoAPO-11 sample was achieved by calcination in a dry O2Ñow at 550È600 ¡C for 2È3 d. The sample became green after
calcination. Upon exposure to air, the color of the calcined
sample was not signiÐcantly changed. The calcined sample
was subsequently reduced under an Ñow at 500 ¡C for 4 hH2and evacuated at 500 ¡C. The sample turned blue after H2-After exposure to oxygen at room temperature fortreatment.
10 min, the reduced sample remained bluish.
EPR spectra were recorded at 77 and 293 K with a Bruker
ER200D-SRC spectrometer operating in at X-band frequency.
The microwave power was 2.0 mW with a resonance fre-
quency of ca. 9.60 GHz with 100 KHz modulation. The
g-values of the signals were measured relative to 1,1-
diphenylpicrylhydrazyl, DPPH (g \ 2.0036). Calcination,
reduction and subsequent absorption (at roomO2temperature) of synthetic CoAPO-11 were carried out in the
same sample cell, which could be heated under vacuum or in a
Ñowing gas. The EPR spectra of calcined and reduced samples
were measured under an atmosphere, while that of theN2 O2absorbed reduced sample was analyzed under an atmo-O2sphere in a sealed sample cell.
The Raman spectra were used to monitor the oxy species
on CoAPO-11 and were obtained with a Spex spectrometer.
The scattered photons were detected by an RCA 31034A pho-
tomultiplier with an SSR model 1106 photocounter. The
sample was excited by a Spectra Physics 216 argon-ion laser
at 5145 at a power of 70 mW. Typical scanning rate andÓ
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resolution of the spectrum were 2 cm~1 s~1 and 5 cm~1
respectively. The Raman spectra of synthetic and calcined
CoAPO-11 molecular sieves were obtained under ambient
conditions, while the CoAPO-11 sample was mea-H2-reducedsured under atmosphere. Dioxygen gas orN2 (16O2 18O2 ,97È98%, Cambridge Isotopes) was introduced into the Raman
cell after evacuation of All investigations were repeatedN2 .several times to ensure reproducibility of the results.
Results and Discussion
Fig. 1 shows the application of the inversionÈrecovery
sequence to 31P NMR signals of synthetic CoAPO-11 and
samples. The time to reach zero intensity for theAlPO4-1131P NMR spectra is reduced from 10 to 0.35 s upon incorpor-
ation of Co into the aluminophosphate framework.
The EPR spectra of CoAPO-11 molecular sieves treated
under various conditions are shown in Fig. 2. The synthetic
CoAPO-11 sample shows a broad signal with andg
M
B 1.9
corresponding to tetrahedral Co2` ions [Fig. 2(a)].g
A
B 4.4
After at 550 ¡C, almost no paramagnetic CoO2-treatmentEPR signal was observed on calcined CoAPO-11 at 293 or 77
K [Fig. 2(b)] and occasionally, a radical signal (probably
derived from paramagnetic defect centers as suggested by
Hong et al.12 or from incomplete removal of the carbon
residual of template) was observed for calcined samples after
evacuation [Fig. 2(c)]. Kurshev et al.11 suggested that calcina-
tion led to distortion of the coordination sphere of Co by O2attachment (which induced a diamagnetic signal) and no alter-
ation in the oxidation state of framework Co. Based on the
Raman spectroscopy investigation (see later), we suggest that
calcination might lead to diamagnetic CowOwOwH species
(I, Scheme 1). A very broad asymmetric EPR signal was found
to grow upon reduction [Fig. 2(d)]. Paramagnetic of aO2~superoxo-like cobalt species, CowOwO (II, Scheme 1)
showing an anisotropic EPR spectrum with g1B 2.0210, g2 Band was observed with oxygen-adsorbed2.0093 g3B 2.0024reduced CoAPO-11 along with an EPR signal of Co2` [Fig.
Fig. 1 Application of the inversionÈrecovery sequence to synthetic
(a) and (b) CoAPO-11 samplesAlPO4-11
Fig. 2 EPR spectra of CoAPO-11 molecular sieves : (a) synthetic, (b)
at 550 ¡C for 48 h and at 600 ¡C for 24 h, (c)O2-calcined O2-calcinedat 550 ¡C for 48 h, (d) at 500 ¡C for 4 h after (b) and (e)H2-reduced(after at room temperature for 10 minO2-adsorbed H2-treatment)[inset : EPR signal of radical of (e)]O2~
2(e)]. This radical bonded to Co could be removed byO2~reduction at 500 ¡C.13H2The Raman spectra of CoAPO-11 samples under various
treatments are shown in Fig. 3. The lattice vibration of the
CoAPO-11 molecular sieve possesses Raman features at ca.
249 cm~1 (a breathing mode of the sieve channel opening),
403, 497 (or 500) cm~1 (TwOwT bending) and 1123 (or 1131)
cm~1 (TwO asymmetric stretching). The templatePri2NHencapsulated in the synthetic CoAPO-11 material gave a
sharp Raman band at 1457 cm~1 (deformation mode of CH3 ,not shown here), which was completely removed after calcina-
tion. The framework vibration modes, in the region 1000È
1200 cm~1 were also observed with minor di†erences between
the synthetic, calcined, reduced and materials.O2-adsorbedThese peak frequency di†erences could be rationalized on the
basis of the bulk structural changes (such as variations in unit-
cell parameters, framework relaxation) or local lattice distor-
tions (including the generation of oxycobalt species) after
various post-treatments.
A new Raman band at 1019 cm~1 was observed upon cal-
cination of CoAPO-11 and disappeared after reduction, asH2shown in Fig. 3(b) and (c). Additional peaks at 467 and 1048
cm~1 were observed by exposing reduced CoAPO-11 to 16O2at room temperature [Fig. 2(d)]. Most probably, the 1019
cm~1 band corresponds to OwO stretching of CowOw
OwH species, which is similar to the (CoOOH)2` moiety of
Scheme 1 Proposed model of cobalt species in CoAPO-11 molecular
sieve under redox treatment
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Fig. 3 Raman spectra of (a) synthetic, (b) at 550 ¡C forO2-calcined48 h and at 600 ¡C for 24 h, then (c) and (d)H2-reduced 16O2-(after CoAPO-11 molecular sieves. Inset : (e)adsorbed H2-treatment)isotope e†ect on the 467 and 1048 cm~1 bands of (d), the acqui-18O2sition number of 200 was used for (e) instead of 50 for (a)È(d).
and complexes.14[CoCl4(OOH)]2~ [CoBr4(OOH)]2~During calcination, decomposition of the organic template
could generate hydrocarbon radicals and active(Pri2NH) (R~)hydrogen atoms which might bond to the terminal O(H~)
atom of CowOwO species to form CoOOH.
The peaks at 467 or 465 cm~1 and 1048 cm~1 probably
correspond to the l(CowO) and l(OwO) vibrations of the
superoxo-like species (CowOwO). These two bands were
found to shift to 442 and 998 cm~1 upon substi-16O2È18O2tution as shown in Fig. 3(d) and (e). The hydroperoxo Cow
OwOwH, reduced Co2` and superoxo CowOwO might be
the active adducts for oxidation of saturated hydrocarbons
catalyzed by CoAPO molecular sieves. The total charge of the
oxygenÈcobalt adducts is 2] in (CowOwOwH)2` and
(CowOwO)2` while the cobalt ion is virtually in the 3] oxi-
dation state.
Vibration frequencies of dioxygen adducts on metal are
generally classiÐed into two groups : l(OwO) vibration bands
in the range 1100È1200 cm~1 arise from superoxo radicals ;
Table 1 l(OÈO) assignments
O2` O2 O2~ H2O2 O22~
l8 /cm~1 1865 1580 1097 878 766
bond order 2.5 2.0 1.5 È 1.0
for instance shows l(OwO) stretching at 1108 cm~1 andKO2l(OwO) in the region 750È920 cm~1 corresponds to peroxo
species for instance shows l(OwO) stretching at 760Na2O2cm~1.14 Molecular oxygen may induce a Raman band of
l(OwO) stretching at 1580 cm~1. Nakamoto15 suggested that
the bond order of the OwO linkage decreases with increase in
the number of electrons in the antibonding orbital,2p
pRaccording to Table 1.
The OwO bond of hydroperoxo-like CowOwOwH
species has a lower bonding energy than that of superoxo-like
CowOwO species. This may result in a downÐeld shift in the
l(OwO) band of CowOwOwH compared with that of
CowOwO. Raman results indicate the existence of CowOw
OwH and CowOwO species on CoAPO-11 ; CowOw
OwH but not CowOwO has been observed on CoAPO-5
during redox treatment. This can be rationalized in that, the
medium-pore CoAPO-11 is more active than the large-pore
CoAPO-5 for catalyzing hydroxylation of phenol with hydro-
gen peroxide.16 The CowOwO adduct can be assigned as an
active species which can react with or hydrocarbons in aH2catalytic cycle.
In conclusion, the existence of dioxygenÈcobalt species in
CoAPO-11 molecular sieve has been veriÐed by a combined
analysis of Raman and EPR spectroscopies. Calcination at
550 ¡C yields the diamagnetic hydroperoxo CowOwOwH
species which shows a Raman band at 1019 cm~1. After sub-
sequent reduction followed by adsorption, theH2 O2superoxo-like cobalt species is generated with(CowOwO~)
the l(OwO) Raman band at 1048 cm~1. Using 16O2/18O2isotope substitution, the OwO and CowO stretching modes
have been further conÐrmed. The nature of cobalt species in
the CoAPO-11 molecular sieve during redox processes is
depicted in Scheme 1.
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